Grain size effects on the dielectric properties of BaTiO 3 nanoceramics have been studied by using the modified Ginsburg-Landau-Devonshire ͑GLD͒ thermodynamic theory. Considering the existence of internal stresses, it is found that with decreasing grain size the transition temperature of cubic-tetragonal phase decreases, while those of tetragonal-orthorhombic and orthorhombic-rhombohedral phases increase. With further reducing grain size, our model predicts that the two ferroelectric structures of orthorhombic and tetragonal phases will become unstable and disappear at a critical size, leaving only one stable ferroelectric phase of rhombohedral structure. Consequently, a theoretical phase diagram of the transition temperature versus grain size is established wherein two triple points and a reentrance behavior are indicated. The results are compared with experimental data.
I. INTRODUCTION
Since the birth of ferroelectric BaTiO 3 ͑BT͒ ceramics in the early 1940s, they have attracted great interest due to their excellent properties. In recent years, ferroelectric ceramics have been widely employed in the modern microelectronic industry for applications including multilayer ceramics capacitors, ferroelectric memories, and piezoelectric transducers. 1 The importance of grain size effects is apparent, especially when considering the miniaturization requirement of the microelectronics industry.
It is well known that BT single crystals undergo some phase transitions from cubic to tetragonal ͑C-T͒, tetragonal to orthorhombic ͑T-O͒, and orthorhombic to rhombohedral ͑O-R͒ with decreasing temperature. When scaled down to the submicrometer-scale or nanoscale dimensions, BT materials will exhibit some different properties. Various experimental techniques were used to study the crystal structure and phase transition of BT, and corresponding theoretical investigations were carried out in many works. [2] [3] [4] [5] [6] [7] [8] [9] [10] Early experimental works showed that a critical size existed in the particle and the thin film below which the ferroelectricity would disappear. Uchino et al. 2 found that the critical size of a BT particle was about 120 nm at room temperature. W. L. Zhong 3 predicted the critical thickness of a BT film to be 38 nm. Recently, it has been reported that the critical size should be much smaller for both the BT particle ͑16 nm 4 or 30 nm 5 ͒ and the BT thin film ͑2.4 nm 6 or 5 nm 7 ͒. In ceramics materials, since individual crystallites are surrounded by grain boundaries, the mechanical effect caused by the elastic three-dimensional clamping of crystallite may play an important role in shaping the overall performance. Actually, the internal stress caused by the phase transition can be relieved by formation of 90 ‫ؠ‬ domains, so the contribution of the 90°domain walls to the dielectric constant is dominating in coarse-grained ceramics. [11] [12] [13] With further decreasing grain size, the single domain becomes energetically favorable. Consequently, in fine-grained ceramics, the contribution of the stress should be taken into account due to the absence of 90°domains. It is for this reason that the dielectric constant of fine-grained BT ceramics has a maximum at about 0.7ϳ 1.0 m and then decreases strongly with further reducing grain size. 12, 13 Shaikh reported this maximum at about 0.4 m. 14 Here we discuss only the dielectric properties of the nanoceramics. It can therefore be assumed that the grain is single domain and that only the grain boundary and stress contributions to the dielectric constant should be considered. The grain boundary is thought to have a lower dielectric constant than the ferroelectric grain, since with decreasing grain size, the fraction of grain boundary volume increases and the corresponding ceramics dielectric constant is reduced. [14] [15] [16] By measuring the dielectric constant versus temperature for small-scale ceramics, it was shown that the transition temperature of cubic-tetragonal phase ͑T C-T ͒ decreased while those of tetragonal-orthorhombic ͑T T-O ͒ and orthorhombicrhombohedral ͑T O-R ͒ increased with reducing grain size. 12, 13, [17] [18] [19] [20] At room temperature, the coexistence of the tetragonal and orthorhombic phases was observed in finegrained ceramics, 12, [19] [20] [21] and the population of the orthorhombic phase increased with further decreasing grain size. 12, 19, 22 Many authors attributed these changes of structures and transition temperatures to the effect of the internal stress. Experimentally, Samara 23 reported that the Curie temperature of pure BT ceramics decreased linearly with increasing hydrostatic pressure, and that the corresponding transition peak value was suppressed. For the BT single crystal, the three transition temperatures, T C-T , T T-O , and T O-R , were observed to shift to lower temperatures under hydrostatic pressure. 24 Theoretically, Buessem et al. 25 simulated the effect of a three-dimensional stress on the dielectric constant, but they only described BT ceramics with the tetragonal structure. Using a nonlinear thermodynamics theory, Zembilgotov et al. 26 calculated T O-R of BT nanoceramics and found that it can increase to 19°C, whereas it is −71°C in BT single crystals. Moreover, a mixture of the rhombohedral and orthorhombic phases was predicted to occur at temperature range of 19 to 55°C for the BT nanoceramics; however, they did not show the relationship between the overall shifts of the three transition temperatures ͑T R-O , T O-T , T T-C ͒ and grain size. The phenomenological Ginsburg-Landau-Devonshire ͑GLD͒ theory is an efficient approach to studying the properties of the BT single crystals, 27, 28 thin films, 3, 29 and the particles. 30, 31 Due to the fact that the mechanical boundary conditions of the single crystal and isolated particles are really different from those of grains in a dense ceramic, a new GLD free energy potential should be constructed to investigate size effects on the dielectric properties of these systems.
In this paper, considering the combined effects of the stresses and grain size, we assume that some GLD free energy coefficients depend on grain size and can be written as functions of grain size. So a new GLD free energy with modified coefficients can be proposed to explain the sizedriven phase transitions in nanoceramics. The properties of dense nanoceramics such as the dielectric constant, phase transition temperature, and the critical size can be successfully described by this model and are in good agreement with experimental data. Furthermore, a theoretical phase diagram of tens of nanometers grain size ceramics is predicted which shows novel critical phenomena with two triple points and a reentrance behavior as a function of grain size.
II. PHENOMENOLOGICAL SIZE EFFECT MODEL FOR FERROELECTRIC CERAMICS
We assume that the grain in dense nanoceramics is single domain. Using the GLD formalism, the elastic Gibbs free energy is expanded as a polynomial of the polarization components P i ͑i=1,2,3͒. Considering the effect of mechanical stress, the elastic Gibbs free energy function can be written as 27, 28, 32 
Here P i is the polarization; i are stress components in Voigt notation; ␣ i , ␣ ij , ␣ ijk , and ␣ ijkl are the dielectric stiffness and higher-order stiffness coefficients at constant stress; S ij is the elastic compliance coefficients at constant polarization; and Q ij is the cubic electrostrictive constant. It was found that Landau coefficients up to the sixth order were not considerable enough to account for the phase transitions under larger compressive strains, so it become necessary to include higher orders. 8 Here we use the parameters 33 of the elastic Gibbs function, which were taken from Refs. 28 and 29.
To determine the equilibrium thermodynamic states of the BT single crystal, one should calculate all of the minima of G 1 with respect to the components of the polarization and then select the phase which corresponds to the minimum. It can be found that there are four possible phases in the bulk material corresponding to the cubic, tetragonal, orthorhombic, and rhombohedral structures, respectively: ͑1͒ the cubic phase: P 1 2 = P 2 2 = P 3 2 =0; ͑2͒ the tetragonal phase: P 1 2 = P 2 2 =0, P 3 2 0; ͑3͒ the orthorhombic phase: P 1 2 = P 3 2 0, P 2 2 =0; and ͑4͒ the rhombohedral phase: P 1 2 = P 2 2 = P 3 2 0. Here, for simplicity, we describe the contribution of the hydrostatic pressure and the shear stress with 1 = 2 = 3 Ͻ0 and 4 = 5 = 6 Ͼ 0, respectively.
Based on Eq. ͑1͒, the hydrostatic pressure can renormalize the coefficient ␣ 1 ͑T͒ of the second-order polarization terms and ultimately shifts the Curie temperature to lower temperature linearly. 34, 35 Actually, it was experimentally reported that the surface tension effect can be assimilated to the application of a hydrostatic pressure, 2 and this hydrostatic pressure P and the variation of Curie temperature T C , can be written as 1 / R and -1 / R, respectively, where R is the radius of the particle. 2 That is, the Curie temperature will decrease with reducing the grain size due to the existence of the hydrostatic pressure.
The contribution of shear stress cannot be ignored in dense nanoceramics. It is reported that the shear stress may be plays the possible role in enhancing the stability of the orthorhombic structure within the grains of polycrystalline BaTiO 3 . 11, 12, 19 Since the unit cell of orthorhombic BaTiO 3 is characterized by a shear deformation of the cubic perovskite cell, it is understandable that BaTiO 3 would do so to some extent when under the influence of increasing shear stresses. Based on the observed experimental phenomena, it seems that contribution of the shear stress may increase with decreasing grain size, and the increase of shear stresses favors the stabilization of the R and O phases, and makes corresponding transition temperatures T R-O and T O-T move to higher temperatures.
Based on the discussion above, considering the influence of the stresses on the charge tendency of free energy and the relationship between the stresses and grain size, the coefficients ␣ 1 ͑T͒ and ␣ 12 can then be written as the function of grain size ␣ 1 * ͑T , d͒ and ␣ 12 * ͑d͒, respectively. A new GLD free energy can be described as follows: 
Here parameter d is the ceramics grain size in meters, and the coefficients ␣ 1 * ͑T , d͒ and ␣ 12 * ͑d͒ are size dependent. Taking into account experimental results, we choose K 1 = 0.46 Jm 2 /C 2 and K 2 = −10.0 Jm 6 /C 4 . When d is close to infinity, Eq. ͑2͒ describes the properties of the single crystal, and the corresponding transition temperatures T C-T , T T-O , and T O-R are 125°C, 8°C, and −71°C, respectively. 28 The reciprocal dielectric susceptibilities ij can be obtained from appropriate second-partial derivatives of Eq. ͑2͒; the corresponding dielectric susceptibilities ij can then be written as
Here, ⌬ is the determinant of the ij matrix and A ij is the cofactor of ij . The dielectric constant tensor for a ceramics grain can be written as a diagonalization matrix: 
͑5͒
Since the ceramics dielectric susceptibility is isotropic while each individual ferroelectric crystallite is anisotropic, we should get the average susceptibility of ceramics by transformation of coordinates. Two Cartesian coordinate systems are introduced: the ceramics system ͑x , y , z͒ and the crystallographic coordinate system ͑xЈ , yЈ , zЈ͒. Two systems are related by Euler's angles , , and , and assuming all lattice orientations of crystallites in the paraelectric state are equally probable, the average dielectric susceptibility can be obtained as follows:
We can get the average dielectric susceptibility from Eq. ͑6͒, = 1 3
Here, 11 Ј , 22 Ј , and 33 Ј are the dielectric constant tensor for the ceramics grain, as shown in Eq. ͑5͒. Considering the effect of grain boundary, which has a low-permittivity d and an effective thickness l, the total dielectric susceptibility can be evaluated as 15
The effect of grain size on BT ceramics properties ͑such as dielectric constant, phase transition temperature, etc.͒ can be studied using Eqs. ͑2͒-͑8͒.
III. RESULTS AND DISCUSSION
The temperature dependence on the total dielectric constant with different grain size is shown in Fig. 1 . A close-up of the lower temperature is shown in the inset. Grain sizes are d = 500, 150, 100, and 80 nm, respectively, and d = 70, l = 0.7 nm. It is found that there are three dielectric peaks, which represent three phase transitions of R-O, O-T, and T-C, respectively. With decreasing d, the two lower dielectric peaks ͑i.e., R-O and O-T͒ move to higher temperatures; however, the T-C dielectric peak moves to lower temperature. Furthermore, the corresponding values of all the dielectric peaks are depressed when grain size decreases. These results agree very well qualitatively with the experimentally measured results for BT nanoceramics, 13, 18, 19, 36 but there are some quantitative differences. Our results show the dielectric peaks are still sharp with decreasing grain size, yet experimentally measured dielectric peaks are obviously broad and diffuse with decreasing grain size, also the corresponding values are strongly depressed. These quantitative differences are a result of our assumptions that the hydrostatic pressure and the shear stresses are homogenous and that grain size is uniform in dense nanoceramics. In reality, the stresses between grains are very complex and there is a significant grain size distribution in dense nanoceramics. It is therefore necessary to account for nonuniform distribution of grain sizes 10, 31 and gradients of the stress 37 to explain these quantitative differences. Figure 2 shows the transition temperatures dependence of the grain size. The solid lines are our theoretical results, and the symbol points represent experimental data taken from Refs. 16, 18, 21, 22, 36, 38 , and 39, respectively. Here the grain size range is from 20 nm to 600 nm. The transition temperatures of ceramic with grain size below 20 nm are shown in Fig. 3 . The results indicate that with decreasing grain size T R-O and T O-T increase, while T T-C decreases. Furthermore, T R-O and T O-T are more effectively influenced by the grain size than T T-C . It is also found that: ͑1͒ when the grain size is fixed, all the phase transitions from R to O, O to T, and T to C will occur with increasing temperature; ͑2͒ when temperature is fixed, the size-driven phase transition will take place. For example, at room temperature, the tetragonal phase is stable in large-scale ceramics, while with decreasing grain size, the structure will change from T to O, and then from O to R. This result is in accord with experimental data. To date, published studies have predominantly focused on the phase transition at room temperature, or on the ferroelectric to paraelectric transition. Consequently, experimental data for T R-O are much more rare than data concerning T O-R and T T-C . In addition, the observed x-ray peaks for smaller grain sizes are broad, and the dielectric peaks for these reduced grain sizes are depressed and diffuse. Furthermore, the observed Raman spectra show that the phase transition takes place over a large range of temperatures in which these phases might coexist. Given the difficulty in obtaining the exact phase transition temperature and grain size in dense nanoceramics, we believe that our data is in good agreement with experimental data, despite the slight differences.
At present, the smallest grain size reported in the literatures for dense BT nanoceramics is about 20 nm. 20 Our model allows one to predict the phase transition properties in a few tens of nanometers or even a few nanometers grain size ceramics, but it is really difficult to prepare the sample with a nanometer grain size and figure out the properties of phase transition in experiments at the moment. A phase diagram of the transition temperature versus grain size is shown in Fig. 3 . There are two predicted triple points, and the corresponding sizes are marked d 1 With further decreasing grain size, the only stable ferroelectric structure is rhombohedral. In addition, an interesting phenomenon can be observed by using our model, that is, variations of T O-T and T R-C with decreasing grain size are not monotonous near the two triple points. This kind of size-derived reentrance is probably caused by the competition between the hydrostatic pressure and the shear stress. It is understandable that the hydrostatic pressure favors stabilization of the cubic structure; however, the shear stress is in favor of the existence of the rhombohedral structure. The predicated two triple critical points as well as the reentrance behavior of BT at certain critical grain sizes might be realized experimentally through sophistically tuning grain size and shear strain in ultrathin films.
IV. CONCLUSIONS
Using a modified GLD thermodynamic theory, the grain size effect on the dielectric properties of nanoscale ceramics is investigated by taking the existence of the internal stresses into account. The results show that with reducing grain size, ferroelectric-ferroelectric transition temperatures T R-O and T O-T become higher, while the ferroelectric-paraelectric transition temperature T T-C becomes lower. The dielectric constants are depressed by considering the effect of grain boundary. It is predicted that the O and T ferroelectric phases are unstable and disappear at the certain critical size, respectively, and that only the R structure is stable in small dense ceramics, characterized with two triple critical points around the critical size. In addition, the transition temperature from R to C varies nonmonotonously with further decreasing grain size, accompanied by a reentrance behavior.
